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Introduction
The purpose of this study is to quantify the enthalpy for pyrolysis of various types of biomass. With this value known, fast pyrolysis systems can be specifically engineered for particular types of biomass. This is important because it is possible that different types of biomass will have vastly different enthalpies for pyrolysis. Thus, the design of the system may vary with respect to heat transfer issues or sizing of the reactor on the basis of the energy required to carry out the pyrolysis.
Enthalpy for pyrolysis, h P , is defined as the energy required to raise biomass from room temperature to the reaction temperature and convert the solid biomass into the reaction products of gas, liquids, and char. Restating, it is the total energy consumed by the biomass during pyrolysis, including contributions to both sensible enthalpy and enthalpy of reaction for the pyrolysis of biomass. 1, 2 The sensible enthalpy refers to the energy absorbed by the biomass to raise its temperature only. The enthalpy of reaction is the energy required to drive the pyrolysis reactions. A standard enthalpy approach, at first glance, would seem suitable in quantifying the energy consumed in pyrolysis. This approach requires that the enthalpy of the products and reactants be referenced to a standard temperature. However, the products of pyrolysis are complex in nature with respect to their composition. Also, the sensible enthalpy or specific heat data corresponding to the products and reactants is many times difficult to determine. Often, the enthalpy for pyrolysis is termed in the literature as the heat for pyrolysis. This study chose to employ the former terminology to be consistent with current usage of enthalpy.
A number of previous studies have attempted to measure enthalpy for pyrolysis by a variety of methods. Reed and Gaur 2 utilized a reducing flame to provide direct heat energy to birch dowels on a 1 to 2 cm scale. They calculated h P values of 2.9 to 3.5 MJ/kg of biomass. This nonconventional method likely leads to large errors in the enthalpy for pyrolysis calculation. In addition, this process lasted longer than 50 s per sample and more closely resembles slow pyrolysis rather than fast pyrolysis. Pilot plant studies by Morris et al. with spruce and pine have indicated h P values of 2.5 MJ/kg of oil produced. 3 This indirectly suggests that h P is 1.75 MJ/ kg of biomass, neglecting the heat losses of the system and assuming 70% oil conversion. However, the details of this calculation are not given. A hearth furnace under vacuum conditions has also been utilized by Roy and associates 4 to present significant insight on the energy required to pyrolyze wood chips. At a hearth temperature of 437°C, the enthalpy for pyrolysis for wood chips with 5.9% moisture is 0.7 MJ/kg. 4 An uncertainty for the published values is not given, so the accuracy of the results is not known. The enthalpy for pyrolysis is dependent on the reactor temperature due to sensible heat considerations as well as changes in pyrolysis reaction chemistry. This is an important consideration when comparing results from various studies on enthalpy for pyrolysis. The goal of the present investigation is to obtain accurate values of enthalpy for pyrolysis for several kinds of biomass.
Apparatus
Many types of reactors have been developed for the fast pyrolysis of biomass, including fluid beds, ablative reactors, circulating fluid beds, entrained flow reactors, and rotating cone reactors. 5 Among the most commonly employed are fluidized beds, which are used in the present study because of their favorable heat transfer and mass transfer characteristics. 6 As shown in Figure 1 , the main components of the reactor system include a fluidized bed, a natural gas burner, a plenum, a feed hopper, and two cyclones in series. The main reactor is a fluidized bed of sand in which nitrogen enters through the plenum at the base of the unit. The average particle diameter of the sand is 730 µm, using a standard sieve analysis. The sand originates from near Eau Claire, Wisconsin (Red Flint Sand and Gravel), and is approximately 95% silica, 2% iron oxide, 0.9% aluminum oxide, with the balance being trace amounts of other oxides. The diameter of the reactor is 16.2 cm and stands 1 m in height with a sand depth of 32 cm. The natural gas burner is rated at 44 kW and is directly plumbed to natural gas lines and compressed combustion air. The hot gases from the combustion burner flow through the annulus around the fluidized bed, providing heat to the reactor system. The plenum, located at the base of the reactor, is the inlet for the inert nitrogen, which is the fluidizing gas for the sand bed. A feed hopper is also connected to the reactor via a dual auger system. The first auger (not shown) meters the biomass from the feed hopper into an injection auger which then supplies the reactor with biomass. Another feature of the reactor system is a set of cyclones in series contained in a hot gas-heating jacket which is an extension of the annulus around the bed. The nitrogen and pyrolysis gases exit the freeboard and enter these cyclones. The exit of the cyclones is considered the exit of the reactor system.
The unit is fitted with various thermocouples and pressure taps to monitor operating conditions. In addition, a variable-frequency drive controls the feed rate of the biomass, and a mass flow controller monitors the nitrogen flow. The natural gas flow and the airflow to the burner are regulated, and pressure drops across the corresponding incorporated orifice plates are recorded. A data acquisition system monitors and records all system components.
Energy Balance on the Pyrolysis Reactor
The energy flows for the pyrolytic reactor are illustrated in Figure 2 . There are two primary heat flows as well as three flows of enthalpy. The first inflow, represented by H N2,in , is the enthalpy introduced to the reactor from the nitrogen flowing into the system. The second inflow of energy, Q in , is associated with the heat transfer into the system that results from the combustion of natural gas in the burner. Included in the energy outflows is the enthalpy, H N2,out , associated with the exiting nitrogen. In addition, a heat loss, Q Loss , also is considered in the analysis. Last, the enthalpy flow, H P , is consumed by the biomass in the pyrolysis process. The resulting energy balance, eq 1, is used to describe the system.
During each pyrolysis test, the system was brought to steady state with respect to the bed temperature. All parameters remained constant at their initial values except for the mass flow rate of the biomass which was adjusted until a constant bed temperature near 500°C was achieved in approximately 30 min. From this point, the biomass rate remains steady and pertinent data of the system was analyzed to evaluate the heat flows given in eq 1.
The energy flows associated with the nitrogen were calculated on the basis of an average specific heat value 9 associated with the temperature of the nitrogen and the reference temperature. The flow rate of nitrogen is precisely known from the mass flow controller monitoring the nitrogen flow. The inlet and exit temperatures of the nitrogen were monitored with thermocouples. The nitrogen heat flows were then calculated with the following equations in which T ref is defined as 25°C.
The following equation represents the method used to calculate Q in :
The term, H RP , represents the enthalpy of combustion of the natural gas. The second term refers to the sensible enthalpy of the entering reactants. In this study, this reactant enthalpy is considered to be equal to zero since the reactants enter at essentially the reference temperature of 25°C. The third term symbolizes the sensible enthalpy of the exiting producer gas from the combustion process at the exit of the heat jacket. The enthalpy of combustion was calculated from specific knowledge of the gas and airflow rates at steady state. The molar analysis of the natural gas was provided on a daily basis from the local supplier. 7 Typically, the natural gas was greater than 95% methane in composition on a molar basis. With this knowledge, the heat of combustion of the gas was calculated assuming complete consumption of the fuel and standard methods were used for this analysis which can be found in most engineering thermodynamic textbooks. 8 The energy flow corresponding to the exiting hot gas from the burner is calculated by an average specific heat method similar to that of the nitrogen heat flows. The flow rate of the products of combustion is known since the rates of natural gas and air into the burner are established. Therefore, from a chemical balance, the amounts of carbon dioxide, nitrogen, oxygen, and water vapor are known. The corresponding average specific heat 9 can be calculated for each gas constituent since the temperature of the hot gas was monitored. Thus, the enthalpy associated with the exiting hot gas is defined as follows with the reference temperature equal to 25°C.
The last unknown for defining the enthalpy for pyrolysis is the heat loss, Q Loss , associated with the overall system. This value is extremely difficult to accurately calculate using theoretical methods due to the nature of the system's complex geometry, gas flows, and surface temperature gradients. An alternative method was developed in which water was injected into the system as a liquid at 25°C and raised to the bed temperature. The resulting nitrogen/water vapor mixture exits the system similar to the product flow from biomass pyrolysis. For water, eq 1 is solved for the heat loss term and rewritten as follows:
Note that the enthalpy associated with water, H W , is similar in nature to that of the enthalpy for pyrolysis of a biomass, H P , and accordingly replaces this term. They are similar in the respect that both enthalpies are endothermic. In this test, the enthalpy for water, H W , is the amount of energy required to take liquid water at room temperature and raise it to steam at the reactor temperature. The properties of water are well-known, and this energy requirement can be calculated from most thermodynamic sources. The enthalpy change associated with steam at 500°C is 3.38 MJ/kg with a reference temperature of 25°C. 8 For a specific mass flow of water into the reactor system, the energy associated with converting liquid water to the resulting steam is quantified. As a result, Q Loss,W can be calculated for the processing of water in the reactor.
Assuming that the heat loss associated with the processing of water is similar to that of any biomass analyzed at comparable reactor conditions, then all of the parameters on the right side of eq 1 are known. The heat flow Q P of the particular biomass being tested can then be calculated. Continuing a step further, the enthalpy for pyrolysis on a mass basis can be calculated as shown by eq 7 for any biomass.
To validate this method, the enthalpy change of a wellknown high-temperature process was evaluated in the pyrolysis reactor and compared to a calculated value 
from published data. The energy associated with the conversion of liquid methanol (99.9% pure) to methanol vapor can be readily calculated from tabulated data of the specific heats and latent heats of evaporation for methanol. The outcome of this validation test is presented in the next section along with the results for several biomass fuels.
Results
This study evaluated enthalpy for pyrolysis for two types of wood: oak (Quercus rubra), a hardwood, and pine (Pinus monticola), a softwood. In addition, two herbaceous materials were analyzed: corn stover and oat hulls. It is important to note that all testing was performed utilizing a pilot scale reactor that operates at slightly positive pressures (∼4 kPa). To promote fast pyrolysis, a small biomass particle size was utilized in this study and therefore, all biomass has a critical dimension of 1 mm or smaller. A reactor temperature of approximately 500°C is used because oil yield is optimized for many types of biomass near this temperature.
The heat loss, Q Loss , of the system was calculated when there was no injection of biomass or other material into the reactor except for the inert fluidizing gas nitrogen. As a result, eq 1 could then be simplified by noting that the enthalpy for pyrolysis, H P , is zero. Since the remaining heat flows could be calculated readily, values for the heat loss could directly be found. Figure  3 shows the relationship between the heat loss and the flow rate of the burner for the prescribed conditions. The data illustrates a strong linear correlation of the heat loss with respect to the natural gas flowing to the burner. The procedure was repeated for the situation 
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Energy & Fuels, Vol. 17, No. 4, 2003 937 in which water was injected into the reactor. The heat loss when water is injected into the system mimics the conditions present during the pyrolysis of biomass. Figure 4 illustrates the results of the water tests in which the heat loss data is fitted to a linear relation. Applying the individual uncertainty of each data point, the largest absolute uncertainty of the fitted linear equation can be established. The absolute largest error (443 W) for the fitted line is shown in Figure 4 as the surrounding lighter lines. With the bed temperature near 500°C, the heat loss at steady state can be closely calculated for the pyrolysis of biomass by applying the gas flow rate to the fitted curve.
To verify the method presented, a substance with a known enthalpy at the exit temperature, methanol (99.9% pure), was tested in the reactor. To begin, the reactor was brought to steady state at around 500°C. Once at steady state, the natural gas was adjusted to a higher setting in the range of Figure 4 . This adjustment to the higher setting is needed to provide the additional energy required used by the reactants once they are injected. Immediately, methanol was injected using a peristaltic pump at a controlled rate. The rate of injection was adjusted until the system came to steady state at near 500°C. The flow rate was then measured and recorded. Using the governing equations described, the corresponding energy flows for the system could be calculated as detailed previously. The heat loss, Q Loss , was calculated by inserting the natural gas flow in the linear relationship established in Figure 4 . By determining the mass flow rate at steady state, the energy required to process the methanol on a mass basis could be calculated directly. The theoretical energy required for raising methanol from a liquid state at 25°C to a vapor at 496°C is based on the following information. The energy to vaporize methanol at 64.6°C is 35 210 J/mol. 10 The constant specific heat of the liquid methanol is 83.3 J/mol-K. 11 The constant specific heat of the vapor is calculated from a linear fit of data presented by Stromsoe and results in a value of 62.94 J/mol-K. 12 Thus, the calculated value of the change in enthalpy of methanol is 2.05 MJ/kg for the prescribed conditions. The experimentally measured value of the enthalpy change for methanol was 2.00 ( 0.36 MJ/kg in this study. The two values are in excellent agreement. With this verification of the method, strong confidence in the results for h p was gained.
This same process was repeated for oak, corn stover, oat hulls, and pine. The pertinent flow rates and temperatures for each test case are shown with their respective uncertainty in Table 1 . The values listed represent an average of roughly 10 min of collected steady-state data sampled every 10 s. In addition, Table  2 quantifies the corresponding energy flows for each different reactant. Table 3 summarizes the results of these tests. All biomass had acceptable and typical moisture content between 8.0% and 10.2% water on a dry basis. Table 3 contains a correction of the enthalpy for pyrolysis to a dry biomass basis. These values were calculated assuming that the unbound water is removed with energy equivalent to 3.38 kJ/kg of water in the reactor. However, if a biomass with higher moisture content is used, the energy required will increase correspondingly.
Furthermore, Table 3 includes an uncertainty for each enthalpy for pyrolysis value. This uncertainty is largely dependent on the heat loss calculation for each substance. In this study, the resulting uncertainty ranged between 16.1% and 17.5%. 
Conclusions
This study provides a method for measuring enthalpies for pyrolysis, which is not readily available in the existing literature. The average value of the enthalpy for pyrolysis of the biomass tested is approximately 1.5 MJ/kg when the biomass has typical moisture content of 8% to 10%. The values for the woody biomass are higher than those of the herbaceous materials. A potential difference in the heat for pyrolysis values could be attributed to the lignocellulosic composition differences. Further work could be performed in which specific compositions of cellulose, hemi-cellulose, and lignin are studied in comparison to the required heat for pyrolysis for each type of biomass. If the biomass is exceptionally dry, the average value theoretically drops to a corrected value of 1.3 MJ/kg. Although endothermic, this value is quite small and may be considered thermo neutral, depending on the design parameters of the system. The obvious way to improve the accuracy of this method is to reduce heat loss from the external burner and the pyrolysis reactor. A significant decrease in the heat loss will likely lower the uncertainty of the enthalpy for pyrolysis measurement. However, uncertainties in the range of 16-18% are probably satisfactory for the design of many fast pyrolysis reactors.
